The 2-aminopurine-induced transition,
The base-pair substitution mutation rate at a particular genetic site is often thought to depend not only upon the base pair at that site, but also upon the molecular environment determined by nearby base pairs. This idea seems to have originated as an explanation of the "hot spots" observed in the pioneering studies of mutability at the r1I locus of bacteriophage T4 (1, 2) . The main difficulty in interpreting the spectra of forward-and reverse-mutation rates arises from indefinite knowledge of which degenerate codon occurs at a given DNA locus, and about what amino acids are acceptable at particular positions in the polypeptide. Determinations of the amino acid compositions of many revertants of amber mutations located in the T4 head-protein gene, however, revealed differing rates of specific base-pair substitution at different positions within the cistron (3) . Furthermore, T4rII ochre mutants were induced by hydroxylamine (CAA UAA) at rates that varied by as much as 20-fold at different sites (4) . The ultravioletinduced reversion of ochre mutants within the yeast iso-icytochrome c gene differs at different positions: although glutamine is acceptable at two particular positions, for instance, it was induced in 11 of 11 revertants at one, and in 0 of 11 at another (5) .
While strongly suggestive of neighboring-base effects, results of this type are also compatible with an alternative interpretation, namely, that mutation rates vary within a cistron because of extrinsic factors such as direction of gene replication, direction of transcription, proximity to control elements, and so on. In fact, only a small number of externally determined gradients of mutability would be necessary to explain the variations in specific base-pair substitution mutation rates thus far observed. A convincing demonstration that nearby base pairs do in fact influence base-pair substitution mutation rates therefore requires that a mutation rate be experimentally altered by a nearby base-pair substitution.
RATIONALE
The amber (UAG) and ochre (UAA) chain-terminating codons are mutationally interconvertible by a transition in the third position (Fig. 1) . Mutation rates at the first two positions of such homologous codons can be measured, providing that the 773 phenotype corresponding to each possible genotype can be recognized with confidence. These measurements are possible using the T4rII system. First, the possible types of base-pair substitutions have been restricted by using the mutagen 2-aminopurine, which produces exclusively transitions. It is already clear that 2-aminopurine readily produces transitions, and the following evidence shows that it does not produce transversions at an appreciable rate (6 The opal codon is recognized by the ability of the phage to grow on an rIu-restrictive host carrying an opal-specific suppressor. Providing that glutamine is acceptable, the glutamine revertant is recognized by its ability to grow on an rII-restrictive host. (b) Transition revertants from the first and second positions of the amber codon produce glutamine (UAG --CAG) and tryptophan (UAG --UGG) codons, respectively.
These two revertants can often be distinguished phenotypically, as follows. Many T4rII mutants are sufficiently leaky to grow on the restrictive host, while producing a mutant or semi-mutant plaque morphology on certain permissive hosts. A codon was adopted for study at which 2-aminopurine produces two types of revertants of an amber mutant, one of which is virtually wild type while the other is semi-mutant. Since the glutamine revertant from the homologous ochre mutant is wild type, the wild-type revertant from the amber mutant must also be the glutamine revertant, and the semimutant amber revertant must therefore be the tryptophan revertant.
MATERIALS AND METHODS E. coli and bacteriophage T4B were used throughout. Most strains and methods have been described (2-4, 7-9); K38 is an rI-restrictive strain that is unusually restrictive for opal mutants, and was kindly provided by Dr. J. Speyer.
The rI mutant whose reversion was studied is rUV200, which maps in the A6a2 segment. This mutant contains an ochre codon by the following criteria (L. Ripley, personal communication): it is suppressed exclusively by CA165, an rII-restrictive strain carrying an ochre suppressor; it is convertible by 2-aminopurine mutagenesis to an rII mutant that is suppressed by QA1, an rI-restrictive strain carrying an amber suppressor; it is also convertible to an rI mutant that is suppressed by CAJ64, an rII-restrictive strain carrying an opal suppressor; and finally, the amber and opal convertants, when crossed, produce semi-mutant recombinants at the expected low frequency of 10-6, whereas the original ochre mutant fails to recombine (<10-8) with the amber convertant.
Mutagenized stocks of the amber convertant of rUV200 produce two distinct plaque types on K38 cells at 43°C (the tryptophan and the glutamine revertants), whereas mutagenized stocks of rUV200, itself, produce only one of these plaque types (the glutamine revertant). On the opal suppressor, CAJ64, mutagenized stocks of rWV200 produce two distinct plaque types that are easily distinguished as the glutamine revertant and the opal convertant. All of these plaque types were further confirmed by plating on B cells. The glutamine revertants are virtually wild type. The tryptophan revertant is decidedly r-like on B cells at 370C, but is clearly distinct from the r phenotype at 320C. The opal convertant produces the completely mutant r phenotype. Plaque morphologies were routinely determined by adsorbing the particles before plating, and control plates were prepared containing predetermined mixtures of the genotypes to be scored.
Mutagenesis was conducted in M9 medium containing 1 mg/ml of 2-aminopurine. Log-phase BB cells were infected with an average of 10 Table 1 lists the frequencies of each of the transitions produced by 2-aminopurine mutagenesis. Although all tubes were run in parallel, a further check that the UAA and the UAG stocks were equally mutagenized was obtained by measuring the mutation frequency at two other loci, ac and rI, and accepting data only when both of these loci responded equally in the two stocks. Burst sizes were also very similar in parallel tubes. The spontaneous background revertant or convertant fre- quency was always about 1% of that induced by 2-aminopurine. Transition frequencies were measured under two conditions: upon direct plating, and after a single additional cycle of growth in BB cells in the absence of 2-aminopurine. The additional round of replication was performed to segregate mutational heterozygotes, which may exhibit various plating efficiencies on selective strains (10) . These results are also listed in Table 1 .
RESULTS
The plating efficiency of each revertant or convertant type, relative to its plating efficiency on B cells at 370C, was determined under selective conditions. These measurements were performed in parallel with the measurements of the transition frequencies. In order to closely approximate conditions on the selection plates, the plating efficiency controls were performed in the presence of a suitable concentration (107-108 per plate) of a nonreverting rII deletion mutant. These corrections are included in all of the data of Table 1 , and were always small in comparison with the magnitude of the changes associated with the base composition of the third position.
Reconstruction selection controls were also performed, in which mixtures of the mutant plus 10-4 of the appropriate revertant or convertant were mutagenized and cycled through BB cells under experimental conditions. Correction factors were obtained as the average of three such control experiments, and used to produce the "corrected values" of Table 1 . These reconstruction controls are not strictly comparable to the experimental situation, however, since in the experimental situation, most revertants arise rather late in the growth cycle, and are exposed to the selective conditions for less time than in the control cultures. The recent report (11) of a UAG suppressor arising within the T4 genome suggested a possible influence of extracistronic suppression on the interpretation of these results. Five independent isolates of each of the CAG, CAA, and UGG revertants were therefore backcrossed against the wild type, and the progeny were screened for the original rUV200 ochre mutant or its amber convertant. No suppressors were detected within a map distance corresponding to about 10 base pairs from the original mutational lesion.
DISCUSSION
The very marked increase in the transition rate produced by changing an adjacent base pair from ART to G C demonstrates unequivocally, and for the first time, the role of local base-pair composition in determining base-pair substitution mutation rates. In addition, the effect is seen to be markedly stronger on the adjacent than on the next-to-adjacent base.
It is very difficult to choose among the many possible mechanisms that might produce the observed effects. Among the unknowns are the direction of chain growth during DNA replication, the assignment of these mutations to DNA replication or to DNA repair, and the mechanism of 2-aminopurine transition mutagenesis. 2-Aminopurine behaves like guanine in some enzymatically catalyzed reactions, and like adenine in others (12) . The extent of the phenotypic lag after formation of the mutational heterozygote is also unclear (6) . For reasons such as these, it will suffice simply to indicate some of the factors that might be important in the interpretation of neighboring base-pair effects.
First, the effect might be mediated either by direct baseto-base interactions associated with stacking, or else by indi- rect effects whereby the perturbation is transmitted through one of the many enzymes that operate upon DNA. If the effect is mediated through base-stacking interactions, then it may be relevant that the cytosine residue (really 5-hydroxymethylcytosine in the case of T4) of the genetically less stable configuration may stack lesss trongly than the homologous thymine residue (13), thus producing a relative relaxation of local structural rigidity. On the other hand, it would not be surprising to find the effect mediated through an enzyme of DNA metabolism, since, for instance, the T4 DNA polymerase is deeply involved in the avoidance of mutation (14) .
Secondly, even though the type of effect observed here would probably be expected a priori to diminish rapidly with distance, the present data do not unequivocally define such a polarity. This conclusion arises from the fact that there are two rare events that must both occur to bring about the observed transitions (6) : the insertion of a 2-aminopurine residue, and its subsequent mispairing with cytosine. These events necessarily occur on different DNA strands. In Fig. 2 , the base-pair positions are labeled 1, 2, and 3, the "ATPy" strand being the transcribed strand. Assuming that all DNA synthesis proceeds in the 5' -*> 3' direction, and that the neighboring base effects observed here propagate only in the direction of DNA synthesis and away from position 3, consider first the replication of the nontranscribed "TAPu" strand. Here, position 3 will be filled prior to the insertion of 2-aminopurine into position 1, and position 3 could affect the (rather small) probability that 2-aminopurine is actually inserted, but it could not affect the probability that the inserted base analogue acts mutagenically at some later replication. In the case of the replication of the transcribed "ATPy" strand, however, 2-aminopurine incorporation must already have occurred at position 2 before position 3 is filled. In this case, position 3 would have its effect directly on the mutation probability during some subsequent replication (not shown), since the base analogue at position 2 mispairs with C only after position 3 has been filled. Thus, the diminished effect at position 1 compared to position 2 could simply result from a mixed mechanism, rather than from a single polar mechanism.
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